Hardy-Weinberg equilibrium (HWE) is a useful indicator of genotype frequencies within a population and whether they are based on a valid definition of alleles and a randomly mating sample. HWE assumes a stable population of adequate size without selective pressures and is used in human genetic studies as a guide to data quality by comparing observed genotype frequencies to those expected within a population. The calculation of genetic associations in case-control studies assume that the population is ''in HWE.'' Canine breed populations deviate away from many of the criteria for HWE, and if genetic markers are not in HWE, conventional statistical analysis cannot be performed. To date, little attention has been paid as to whether genetic markers in dog breeds are distributed in compliance to HWE. In this study, 109 single-nucleotide polymorphisms (SNPs) were genotyped from 13 genes in a cohort of 894 dogs encompassing 33 breeds. Analysis of the entire cohort of dogs revealed a significant deviation away from HWE for all SNPs tested (P , 0.00001); analysis of the cohort stratified by breed and subbreed indicated that the majority of the markers complied with HWE expectation. This suggests that canine case-control association studies will be valid if performed within defined breeds.
The dog develops many conditions that are spontaneous disease homologs of those observed in humans. This, together with great advances in characterizing and sequencing the dog genome (http://www.ddbj.nig.ac.jp; http://www.ebi.ac.uk/ embl/index.html; http://www.ncbi.nih.gov/genbank; http:// www.genome.ucsc.edu/; http://www.ensemble.org) has paved the way for comparative analytical approaches to human disease. Consequently, the dog is becoming an increasingly popular model for human disease particularly in the area of malignancy and autoimmunity (Rijnberk et al. 2003; Vandeput et al. 2003; Catchpole et al. 2005; Khanna et al. 2006; Porrello et al. 2006) .
Initially, most approaches were based on using classical linkage analysis of affected pedigrees although, more recently, genetic association studies have become more popular where affected cases are compared with matched unaffected controls. This is particularly appropriate in the dog where extensive linkage disequilibrium exists within breeds, and thus, testing just one genetic marker locus will also be examining whether many other markers in close proximity (1-3 Mb) are also associated (Sutter and Ostrander 2004) .
The use of case-control association studies of dog disease susceptibility is still in its infancy, and although most workers would recognize a need to match cases to controls of the same breed, it is unclear whether this is necessary. A further concern is whether case-control association analysis is a valid approach within dog breeds as many largely represent ''in bred'' and/or closed lines and cannot be described as randomly mating populations.
The use of testing for Hardy-Weinberg expectations is a fundamental genetic approach for determining whether allele frequencies for a given gene locus in a given population are maintained in a constant manner from one generation to the next. This model was originally put forward in 1908 simultaneously by Hardy and Weinberg. It is summarized in the equation
where p and q are the frequencies of alleles for a given locus in the population, p 2 and q 2 represent the proportions of each homozygote genotype, and 2pq represents the proportion of heterozygotes. Thus, a population should be in equilibrium where the expected frequencies of all genotypes (homozygotes and heterozygotes) can be predicted by probability from the individual allele frequencies. If the observed genotype frequencies are different to those expected from the Hardy-Weinberg equilibrium (HWE) model, the locus is said not to conform to Hardy-Weinberg expectations. There are a number of explanations why a locus does not comply with HWE. For example, it may be a rapidly evolving gene or under strong genetic selection, but more usual explanations are that the population sampled is not randomly mating or that the genotype data produced is not correct.
Compliance to HWE is often used as a first step in human genetic association studies to determine whether the genotype data produced is sufficiently robust and of a high quality. Should HWE not be met for a locus in a study, it is usually excluded from subsequent analyses. Furthermore, many genetic analyses such as the calculation of haplotype frequencies using maximum likelihood methods are based on loci conforming to HWE.
In canine studies, a more significant concern is that of population structure and whether there is sufficient random mating within breeds to maintain HWE compliance. Many dog breeds have been developed within the last 150 years by selective breeding for desirable phenotypic traits such as looks and working ability. Breed development begins with a small founder population, usually 2 or 4 dogs, which have the desirable traits. These dogs are repeatedly mated to produce a larger population, and as the number of siblings increases, sib matings and parent-sib matings are often performed to increase the population size; thus, all dogs within a breed have the same core genetic material. As breeds grow into larger populations, ''model'' sires and dams are used to parent multiple litters to preserve and improve the bloodline.
Selection for phenotypic traits has resulted in the latent selection of genetic diseases and some breeds now have a high incidence of particular diseases, for example, the Samoyed, which has a risk ratio if 17.3 for diabetes (Short 2006 ) and the boxer which has an unusually high incidence of various cancers (http://www.boxerbuddies.org/Boxer%20Health/ cancer_and_boxers.htm).
The breed specificity of particular diseases lends dogs to be ideal candidates for comparative genetic association studies; however, the controlled breeding results in the loss of random selection that would normally enrich the gene pool and maintain HWE. It is of particular concern, therefore, that most breeds would be too inbred to be used in case-control association studies.
We performed a study to examine this concern and examine whether breeds and subbreeds comply with HWE.
Materials and Methods

DNA
DNA was extracted from residual ethylenediaminetetraacetic acid blood samples from 894 dogs from 33 breeds (Table 1) using a standard phenol:chloroform method. These were normalized to 50 ng/ll. DNA samples were whole-genome amplified (WGA) using the GenomiPhi kit (Amersham, Little Chalfont, UK) as sample DNA was limited. For each sample, 1 ll of genomic DNA at 2.5 ng/ll was added to 9 ll buffer. A WGA-positive control (1 ll k DNA at 10 ng/ll) and a negative control (1 ll Milli-Q 18 megaohm water) were also included. Samples were heated to 95°C for 3 min, then immediately cooled on ice. A master mix of Phi enzyme and reaction buffer was prepared (1:9, respectively), vortexed, and 10 ll added per sample. The reactions were vortexed and centrifuged briefly, being kept on ice in between. Samples were amplified at 30°C for 17 h, heat denatured at 65°C for 10 min, 95°C for 3 min, then kept at 4°C until being stored at À20°C. After amplification, 1 ll of samples were run on a 2% agarose gel containing 0.5 lg/ml ethidium bromide to check the quality of the DNA. WGA DNA concentration was measured using Picogreen. The average yield per sample was 3 lg. All samples were diluted to a final concentration of 5 ng/ll.
Single-Nucleotide Polymorphism Selection
One hundred and seven canine single-nucleotide polymorphisms (SNPs) were chosen from 13 different genes for genotyping. All SNPs used were novel and were identified from our own SNP discovery investigation: they are listed elsewhere (Short 2006) . The genes were CTLA4 (15 SNPs), IFN-c (5 SNPs), IGF2 (5 SNPs), IL-10 (14 SNPs), IL-12b (11 SNPs), IL-6 (11 SNPs), Insulin (6 SNPs), PTPN22 (11 SNPs), RANTES (4 SNPs), IL-4 (8 SNPs), IL-2 (1 SNP), IL-1a (6 SNas), and TNFa (10 SNPs) ( Table 2) . SNPs were chosen if they encoded a nonsynonymous amino acid change, were located in exonic regions, or were in the region 1.5 kb upstream of exon 1 (Short 2006) .
Taqman Genotyping
A 400-bp sequence with the SNP central was submitted to ABI (Foster City, CA), for the SNP V-scale nonhuman assay by Design service. Assays were initially tested in a 5 ll volume on a panel of reference canine DNA samples. Test reactions contained 2.5 ll 2Â master mix w/o uracil-N-glycosylase (UNG) (Eurogentec, Southampton, UK), 0.125 ll 40Â assay mix, 0.375 ll Milli-Q water, and 2 ll DNA at 5 ng/ll. Standard amplification conditions were used on a PTC-225 MJ tetrad thermal cycler, 2 min at 50°C, 10 min at 95°C, 40 cycles of 15 s at 95°C, and 1 min at 60°C. Samples were stored at 4°C in the dark until they could be read on the ABI Prism 7700 Sequence Detector. A total of 51 SNPs were genotyped using Taqman, these were 5 SNPs from IGF2, 6 SNPs from Insulin, 11 SNPs from PTPN22, 15 SNPs from CTLA4, 4 SNPs from RANTES (2 intronic and 2 exonic), 5 SNPs from IFNc (3 from the promoter region and 2 from exon 4), 2 nonsynonymous coding SNPs from IL-10, 2 nonsynonymous coding SNPs from IL-12b and 1 nonsynonymous coding SNP from IL-6.
Sequenom Genotyping
Primers and probes were designed using ASSAY DESIGN software Version 3 and synthesized by Metabion (Planegg-Martinsried, Germany). Primers were diluted to 100 lM and plexes pooled to contain 500 nm of each forward and reverse primer. Probes were diluted to 400 lM, and probe pools were split into 50% high-mass and 50% low-mass probes. Probe pools contained 26 ll of each low-mass probe and 52 ll of each high-mass probe in a final volume of 1.5 ml.
Polymerase chain reaction (PCR) reactions contained 15 ng DNA plated into a 384-well plate and dried down at room temperature overnight. PCR was performed in 5 ll volumes on a PTC-225 MJ Tetrad cycler (384 wells). Reactions contained 1.25Â HotStarTaq PCR buffer, 1.625 mM MgCl 2 , 500 lM of each dNTP, 0.5 U of HotStarTaq, and 100 nm primer pool and was amplified as follows: 95°C for 15 min; 35 cycles of 95°C for 20 s, 56°C for 30 s, 72°C for 1 min; 72°C for 3 min. After PCR, reactions were treated with 0.3 U shrimp alka-linephosphatasetoinactivateremainingdNTPs. Reactionswere incubated at 37°C for 20 min and denatured at 80°C for 5 min. iPLEX primer extension was carried out on a Dyad PCR engine. Reactions contained 0.22Â iPLEX buffer, 1Â iLPEX termination mix, 0.625 lm low-mass primer, 1.25 lm high-mass primer, and 1Â iPLEX enzyme and were amplified as follows: 94°C for 30 s, 40 cycles of 94°C for 5 s, 5 cycles of 52°C for 5 s, 80°C for 5 s, and a final extension of 72°C for 3 min. Samples were diluted with 25 ll water and desalted using 6 mg resin before being centrifuged for 5 min at 4000 rpm in a Jouan CR4 centrifuge and spotted onto a SpectroCHIP using a Sequenom mass array nanodispenser (Samsung, Surrey, UK). A total of 61 SNPs were analyzed using Sequenom from IL-1a (6 SNPs), TNFa (10 SNPs), IL-10 (14 SNPs), IL-12b (11 SNPs), IL-4 (8 SNPs), IL-6(11SNPs),andIL-2(1SNP).The2nonsynonymouscoding SNPs from both IL-10 and IL-12b were genotyped by Sequenom and Taqman to serve as genotyping controls between the two platforms and had concordance rates of 97% (data not shown).
Data Analysis
Phenotype data were imported into BCgene (http:// www.bcplatforms.com), and genotyping data from the ABI 7700 and Sequenom uploaded directly. Subsets were generated for pedigree breed phenotypes and the genotype data linked to these. BCgene was used to calculate HWE. The number of SNPs with P , 0.05 were counted and calculated as an overall percentage for each breed. Six breeds were grouped as broad groups in the first instance (dachshund, poodle, spaniel, schnauzer, retriever, and collie). 
Results
HWE on the Total Data Set
The number of dogs genotyped for each breed varied from 8 in the Old English Sheepdog and Collie cross to 97 in the Labrador Retriever. Six breeds were analyzed as pooled breeds (spaniel, dachshund, poodle, schnauzer, collie, retriever) and as subbreeds (e.g., toy, miniature and standard poodle) ( Table 1 ). The total number of dogs genotyped was 894 and analysis of the data set as a whole for HWE gave a P value of ,0.00001 for all SNPs emphasizing the need for HWE analysis by breed.
HWE by Breed
Reanalysing the dogs by breed showed a variable number of SNPs to be in HWE for each breed. These were counted and calculated as a percentage of the total number of SNPs. These percentages are shown in Figure 1 (gray bars) along with the number of dogs analyzed for each breed (black bars). The breeds in which most of the SNPs were in HWE (98.2%) were the collie cross (n 5 8), the boxer (n 5 51), and the basset hound (n 5 12).
Breeds showing the lowest proportion of SNPs in HWE were the Jack Russell terrier at 64.9% (n 5 50), the poodle at 61.4% (n 5 20), the Labrador retriever at 52.6% (n 5 97), and the golden retriever at 50.9% (n 5 64).
The Labrador showed only 52.6% of the SNPs to be in HWE, an unexpectedly low proportion, given that this breed contained the largest number of dogs (n 5 97). The Jack Russell terrier also had a large proportion of SNPs out of HWE (35.1%), despite having a sample size of 50.
HWE by Subbreed
Analyzing the poodle by its respective subbreeds (toy, miniature, and standard) showed a vast improvement in the percentage of SNPs in HWE (Figure 2 ). The poodle group as a collective had 61.4% of the SNPs in HWE, whereas the individual groups had 99.2% in HWE for the standard poo-dle (n 5 5), 97.5% in HWE for the miniature poodle (n 5 5), and 92.4% in HWE for the toy poodle (n 5 5).
This trend was seen for all the breeds that were analyzed as collective groups and then by subbreed. The collie and border collie had 97.5% and 93.2% SNPs in HWE, respectively (n 5 11 and 36), but when analyzed as a pooled group, had only 92.4% SNPs in HWE (n 5 47). The schnauzer, which included both miniature and giant, was 80.5% in HWE (n 5 19) but analyzing the miniature schnauzer alone gave 95.8% of the SNPs in HWE (n 5 13). The giant schnauzer contained only 4 dogs, too few to analyze separately; however, the inclusion of these 4 dogs and 2 unspecified ''schnauzers'' significantly decreased the proportion of SNPs in HWE when the group was analyzed collectively.
Springer spaniels improved to 84.7% SNPs in HWE (n 5 29) from all spaniels which had only 77.1% SNPs in HWE (n 5 39), and it is possible that further improvement could be seen if they were divided into English and Welsh, information which was not available for this study. Miniature short-haired dachshunds had 90.7% SNPs in HWE (n 5 11) compared with all dachshund which had 79.7% (n 5 28). The golden retriever gave 66.7% in HWE (n 5 38) and the retriever had 70.2% SNPs in HWE (n 5 26) compared with all retriever which had only 50.9% SNPs in HWE (n 5 64).
SNPs out of HWE
In the total data set when stratified by breed, 15.7% of the SNPs were out of HWE. Of the SNPs that were out of HWE, 1.3% had an unusually high proportion of heterozygotes, 10% had high proportions of both homozygotes with low numbers of heterozygotes, 9.1% had a large proportion of one homozygote with only one heterozygote and one of the opposing homozygote, and 26.4% had significant numbers of both types of homozygote with no heterozygotes. From these SNPs, 8.1% had a P value of 0.04, so would be classed as ''borderline'' SNPs and 45% had disproportionate allele distributions, for example, an unusually high or low proportion of heterozygotes (Table 3 ).
Discussion
Analysis of the total data set, giving a P value of ,0.00001 for all SNPs, highlights the need for canine genetic data to be analyzed in a breed-specific manner rather than combining data from a number of different breeds. In this study, analysis of 107 SNPs by breed showed a high proportion of the SNPs to be in HWE for the majority of the breeds. Occasional SNPs being out of HWE is not uncommon, would be expected by chance and can be found in some human population studies. These SNPs are generally discounted from analyses.
It is possible that some SNPs in this study were out of HWE due to genotyping error. This is generally accepted to account for under 5% of the genotype data, however, and given the high level of concordance between the Taqman and Sequenom SNP duplicates (97%) is unlikely to account for all of the deviations in this study. Genotyping error and/ or missing data could be potentially important in the SNPs that were found to have borderline P values (P 5 0.04). Given the small number of dogs available for analysis from each breed, each genotype has greater significance; hence, missing data or incorrect genotyping could cause a SNP to be out of HWE. There is no reason to suspect, however, that genotyping errors would systematically occur more frequently across breeds than within a breed.
Splitting the grouped breeds into subbreeds improved the proportion of SNPs falling within the boundaries of HWE, indicating that better classification of the dog by the clinician at the time of sample collection gives rise to better resolution of genetic analyses. The Labrador, golden retriever, and Jack Russell terrier showed the greatest number of SNPs that were not in HWE. These are popular breeds of dog with significant numbers of dogs in the groups in this study (n 5 97, 64, and 50, respectively) . There are a number of potential reasons for their high proportion of SNPs deviating from HWE, each of which would require further investigation.
First, sample collection for this study was via residual blood samples from diagnostic testing. This has the potential to introduce error in the breed description as there is no access to pedigree records. The breed designation is based on the owner or veterinary surgeons depiction, which may not always be correct. It is possible that particular dogs were crossbreeds but were designated as purebreeds incorrectly. This could affect the minor allele frequencies and in turn HWE. It is plausible that these popular breeds, which show a high degree of phenotypic variation across the registered pedigree population, make some crossbreeds difficult to identify.
It is also likely that splitting these breeds by their phenotypic traits could improve the HWE, as was seen for the subbreeds. For example, analyzing Labrador retrievers by their color (yellow, chocolate, or black) could improve the proportion of SNPs in HWE, especially, if the genetic determinants of color are in linkage disequilibrium with the markers analyzed. Color information was not available for this cohort, hence, could not be tested.
For the Jack Russell terrier, there are 2 subbreeds; the Jack Russell terrier and the Parsons Jack Russell terrier, of which the main physical difference is height. This variation is poorly acknowledged, however, but could have a significant impact on the number of SNPs in HWE for this breed if these to groups were to be analyzed separately.
In addition to the subbreed analysis, deviation from HWE could be due to the development of different lineages within the breeds. For example, show dogs are often bred with other show dogs and working dogs with other working dogs. If this type of information had been available for the dogs included in this study, it is possible that analysis by lineage could have improved the proportion of SNPs in HWE. Evidence for this and intercontinental variation has been presented previously (Jones 2006) . Of the SNPs that were out of HWE, more than a quarter were out of HWE as they had both types of homozygote but no heterozygotes (26.4%). This has been reported previously for microsatellites by Koskinen and Bredbacka (2000) and may be due to higher proportions of sibling matings. A small selection of SNPs analyzed in this study had a high proportion of heterozygotes (1.3%), a phenomenon also seen for microsatellites by Luikart et al. (1998) , and thought to be the result of recent bottlenecks in the population. Preliminary information would suggest, however, that some genes in specific breeds are subject to duplications and increased copy number, resulting in a higher proportion of heterozygotes when genotyped (data not shown). This would require further investigation for verification.
One study (Lupke and Distl 2005) reported the microsatellite analysis of Hanovarian hounds and found that all markers were in HWE after the Bonferroni-Holm correction but showed much variation within the population, indicating that the population in question had a large founder gene pool. Another study found that the number of microsatellite loci in HWE were around 4% greater in more recently recognized breeds and that HWE decreased with population size and increased registry duration (Irion et al. 2003) .
There are limited studies that have used SNP variation to look at canine breed phylogeny or association to complex diseases. This is probably due to the previous lack of availability of SNP information. One study conducted by Brouillette and Venta (2002) looked at HWE in 3 breeds (beagles, Dobermans, and Scottish terriers) and found that the SNPs used were all in compliance with HWE. This was a small study, however, and only compared 4 SNPs for each breed. This study identified the variation in minor allele frequency between the breeds, however, a phenomenon which we also identified in our study (Short 2006; Short et al. 2007) .
The completion of the canine genome in 2004 will enable more SNP association studies to be performed and should in turn enhance the knowledge of both canine phylogeny and the genetic contribution to canine disease. The data presented here, however, should encourage researchers to use breed-based studies centered on well-defined sample collections in order to generate the highest quality of data and subsequent analysis.
